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continues, but several important observations can
be deduced from the data: (a) it appears that the
pRad technique can produce data on the thickness
and velocity of multiple layers of spall (up to 8 lay-
ers deep in copper); (b) although the first few lay-
ers appear to be quite reproducible, as one goes
deeper into the damaged metal the phenomenology
becomes "noisier" with a more statistical nature to
the layering, at least in this HE/target geometry;
and (c) when material is melted on shock, it is read-
ily visible in the proton radiographs (e.g., tin) and
information can be obtained on the velocity distribu-
tion of the melted material.

Results of the pRad Study

The basic configuration of the experiment is shown in
Fig. 1.  A 2-in.-diam, 0.5-in.-thick cylinder of HE
(PBX9501) is initiated with an SE-1 detonator 

When a pressure wave produced by a high-explosive
(HE) detonation reaches the free surface of most
metals, two different phenomena can occur: (1) one
or more layers of solid material is produced from
the fracture of the metal and accelerated "spall" or 
(2) the metal is melted and accelerated to fairly
high velocities (1 to 2 km/s).  The detailed under-
standing of spall phenomena in metals is an active
area of research in shock physics but also in materi-
als science and microstructural modeling and is of
significant interest to both applied and basic science.
We undertook a series of proton radiography
(pRad) experiments at the Los Alamos Neutron
Science Center (LANSCE) in the summer of 2001
to study HE-induced spall in several metals, includ-
ing copper, aluminum 6061, tantalum, and tin.
These experiments used the pRad Facility in 
Area C.1 Analysis of the imagery obtained 
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Fig. 1. Schematic and three-dimensional rendering of HE spall experiment.➜
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the spall material and the complete separation of
the material into layers. This can be observed even
more vividly in "movies" produced from the 16
images. Copper provides an example of a material
with an intermediate spall strength (~ 15 kbars).
Fig. 3 shows a single image from two separate exper-
iments at a comparable time (33.4 µs) after HE ini-
tiation. These images have been Abel2 inverted to
produce "volume" density images.  Multiple spall
layers are evident with the best-defined layers near-
est the metal surface. As many as eight distinct lay-
ers are present in these images with defined veloci-
ties, although the layers become more "noisy," or
chaotic, as one views deeper into the metal sample.
It appears in Fig. 3 that the first few layers tear away
smoothly as compared to the deeper layers. The
more layers that tear away, the rougher, or "noisier,"
the spall phenomena becomes—a phenomenology
we hope to one day understand. It is worth noting
that these images, taken at nearly identical times,
show quite good reproducibility, at least on the 
outermost layers.  The VISAR optical probe is visible
near the top of the frames.

Fig. 4 shows a similar pair of experiments for 
aluminum 6061 at 19.0 µs. Because the atomic 
number of aluminum is low, the resolution and con-
trast of the radiographs are improved as compared to
the copper and tantalum targets. Note the details of
the VISAR optical probe that are visible in Fig. 4.  The

centered on the charge. Because the HE is point initi-
ated, the shock wave has significant curvature. This
"curved" geometry may be advantageous in pRad
experiments since the integral of the proton path
length is often shorter, and resolution and contrast
may be improved, as compared to a pure "planar"
geometry.  The axial symmetry of the experiment is
retained, however, which makes other advanced
image processing possible (e.g., Abel inversions2 used
to produce "volume" density images). A velocity laser
interferometer (VISAR) is also used to measure the
time history of the surface during the experiment.
Excellent agreement between VISAR and radiography
results was obtained in all experiments to date. The
"shutter time" of these proton radiographs is deter-
mined by the pulse width of protons that are used to
produce each image frame. In these cases, the pulse
width was typically ~ 50 ns, a short enough time to
produce minimal motion blur (≈ 100 µm) even for
the highest material velocity (aluminum at ~ 2 km/s).

Fig. 2 shows a series of 16 images of tantalum spall.
This material has one of the highest spall strength of
any material (~ 50 kbars). Spall strength is a meas-
ure of the strength of a tensile wave (in kbars) need-
ed for the material to separate into layers. This
strength is reflected in the exceptionally well-defined
layers (and the small number of layers) visible.  The
times in Fig. 2 are relative to the time the detonator
is initiated with a "fire" pulse. Note the curvature of

5.00 µs                        9.30 µs                         13.6 µs                       17.9 µs

22.2 µs                         26.5 µs                        30.8 µs                       35.1 µs

39.4 µs                     43.7 µs                         48.0 µs                       52.3 µs

56.6 µs                         60.9 µs                        65.1 µs                       69.4 µs

Fig. 2. pRad images of HE-driven tantalum spall (areal densities), showing the evolution of the spall beginning with the top static image on the left and
progressing to the right and down.

➜
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spall phenomenology in aluminum, however, is not as
well behaved as in copper. The "turbulent" character
of the deeper spall layers is visible after the first spall
layer.

When the shock pressure is high, the material is
melted after the shock wave reflects from the free
surface of the metal target. Fig. 5 shows two frames
at different times from an experiment on tin with the
same HE configuration as the other experiments.
The left-hand frame (at 19.3 µs) shows both ejecta
produced when the shock reaches the metal surface.
In the central region, the metal is melted (liquefied)
upon the release and subsequent reflection of the
shock wave at the surface, which appears more 
dramatically in the later image on the right (at
42.2 µs). The velocity of the melted material is 

substantially higher than the solid remnant left
behind. This produces the dispersion of material
observed.

Conclusion

Further analysis of these (and other) experiments is
continuing.  Our analysis is concentrating on how well
we can measure the velocities, thickness, and other
parameters of multiple spall layers with pRad and
compare these results to both two-dimensional calcu-
lations and other non-radiographic spall diagnostics,
such as the Assay Window.3 We plan future experi-
ments using higher magnification of the radiography
to explore finer resolution details of the HE spall phe-
nomenology.

Noisy, chaotic phenomena 
deeper within the sample

Distinct initial layers

VISAR

Fig. 3. Abel-inverted "volume" images of copper spall from two separate pRad experiments at 33.4 µs. The VISAR optical probe, seen near
the top of each frame, tracks the surface velocity of the first spall layer as it moves in response to the HE-induced shock wave. 

➜

Fig. 4. Abel-inverted images of aluminum 6061 spall from two separate experiments at 19.0 µs after HE initiation.➜
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Fig. 5. pRad images of shock-melted tin at 19.3 µs (left) and 42.2 µs (right); an artifact of the tiled fluor appears at the same image
location in both.
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